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ABSTRJ_CT
Fluid shifts in weightlessness may cause a
central volume expansion, activating reflexes to
reduce the blood volume. Computer simulation was
used to test the hypothesis that preadaptation of
the blood volume prior to exposure to weightless-
ness could counteract the central volume expan-
sion due to fluid shifts and thereby attenuate
the circulatory and renal responses resulting in
large losses of fluid from body water compart-
ments. We used the Guyton Model of Fluid, Elec-
trolyte, and Circulatory Regulation, modified to
simulate the six-degree head-down tilt that is
frequently used as an experimental analog of
weightlessness in bedrest studies. Simulation
results show that preadaptation of the blood
volume by a procedure resembling a blood donation
immediately before head down bedrest is benefic-
ial in damping the physiologic responses to fluid
shifts and reducing body fluid losses. After ten
hours of head down tilt, blood volume after
preadaptation is higher than control for 20 to 30
days of bedrest. Preadaptation also produces
potentially beneficial higher extracellular
volume and total body water for 20 to 30 days of
bedrest.
INTRODUCTION
The mechanisms causing an increased excretion of
water and electrolytes in ground-based experi-
ments simulating weightlessness by water immer-
sion or head-down tilt are thought to be
initiated by the headward redistribution of body
fluids (Leach, 1979; Epstein et al., 1980). In
weightlessness, circulatory changes include an
early and rapid inflight elevation of hemoglobin
concentration (Kimzey, 1977) coinciding with a
loss of body mass that reflects a negative water
balance. Most of the water loss occurs within
the first three days, and a plateau is thought to
be reached by 10 or 20 days of weightlessness
(thornton and Ord, 1977). Red cell mass may
decrease by 15% after 2 or 3 weeks in space
(Nicogossian and Parker, 1982).
The reduction of blood volume in weightlessness
is considered to be an adaptation to the space
environment (Cogoli, 1981; Leach et al., ]983;
Ilyushin and Burkovskaya, ]980). Unfortunately
this leaves astronauts maladapted to gravity when
they return to earth; postflight orthostatic
intolerance has been a problem that is now par-
tially counteracted by oral rehydration before
reentry (Bungo, 1989). It would be desirable to
limit inflight body fluid losses if possible.
There is also a possibility that fluid shifts
play a role in space sickness etiology (Barrett
and Lokhandwala, 1981; Leach, 1987; Kohl, 1985,
1987). Reducing the physiologic effects of fluid
shifts might therefore help to ameliorate the
space sickness problem.
The present study was undertaken to test the
hypothesis that some of the major physiologic ef-
fects of a fluid shift could be counteracted by
reducing the blood volume prior to the fluid
shift. Blood volume reduction should decrease
the central volume expansion due to fluid shifts
and attenuate the circulatory, hormonal, and
renal responses experimentally observed in water
immersion and head-down tilt that are often used
to model weightlessness. The net effects should
be an attenuation of the physiologic responses to
fluid shifts and decreased body fluid losses.
This hypothesis has previously been supported in
two short-term water immersion experiments in
human subjects (Simanonok and Bernauer, 1985;
Simanonok, in review). For the present study we
used a validated mathematical model of
circulation to test the above hypothesis. Our
purposes in employing mathematical modeling are
i) to extend the time period for testing the
preflight blood volume reduction countermeasure
beyond that possible in water immersion
experiments, 2) to efficiently test different
methods to optimize the countermeasure, and 3) to
assist in the experimental design of further
tests of the countermeasure usin9 human subjects.
This paper presents the initia! results of our
work toward those goals.
METHODS
The mathematical model used in this study was
derived from the Guyton Model of Fluid, Electro-
lyte, and Circulatory Regulation (1972). It in-
corporates known relationships between physical,
neural, and hormonal regulators of fluid balance
and volume, pressure, and flow within the human
circulatory system and fluid compartments (Fig.
i). The original model was modified for weight-
less simulation by head-down tilt by White (1974)
and later improved for this purpose by Leonard
and Grounds (1977). The model has been exten-
sively validated through comparison with data
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from ground-based and flight experiments (Leonard
et al., 1979, 1986). The present version of the
model is coded in FORTRAN and runs on the IBM PC
and compatibles. It required two changes for
this simulation.
The first modification of the model was to enable
it to reach a stable equilibrium at a reasonable
reduced blood volume with a normal hematocrit
after prolonged head-down tilt. The rationale
for this change was based on the assumption that
there is a final adapted state in weightlessness
in which a new fluid equilibrium exists; after
adaptation, the blood volume and other body
fluid compartments should no longer continue to
decrease. Present evidence suggests that the
magnitudes of these adaptive changes in true
weightlessness are somewhat greater than in
bedrest (Leach and Johnson, 1984), but the model
changes posture to simulate bedrest, not weight-
lessness. We used the experimental data from a
bedrest study (Leach and Johnson, 1984) which was
specifically designed to simulate the 10 day
Spacelab i mission. The red cell mass reduction
after i0 days of bedrest was -3.3% ± SEM 1.6%
(n:6) as compared to the losses in the four
Spacelab I astronauts of -9.3% ± SEM 1.6%.
Obtaining a stable equilibrium with the model of
a reduced blood volume including a red cell mass
loss of -3.3% at IO days required the replacement
of the erythropoiesis block of the Guyton Model
with a model of erythropoiesis developed by
Leonard et al. (1981). The difference between
the startin 9 blood volume and the new blood vol-
ume at equilibrium was the preadaptation volume,
the volume to remove to counteract fluid shifts.
The second change necessary was to enable
simulation of bleeding. This required the addi-
tion of a BLEED RATE parameter allowing blood to
be removed at any desired rate, with the removal
of the constituents of blood (water, cells,
salts, and protein) in proper proportions. From
a previous test of the countermeasure in a water
immersion study we had serial hematocrit data
taken every two minutes during hemorrhages of
15% of blood volume in 8 supine subjects
(unpublished data, Simanonok); two of these
subjects had the same hemorrhage times of 18 min-
utes. We compared the data from these two
subjects with a simulated bleed of 15% of blood
volume in 18 minutes to validate the model's
response to acute blood volume reduction.
To test our hypothesis that blood volume
reduction would counteract fluid shifts, we
simulated an acute blood volume reduction by the
preadaptation volume over 18 minutes in the
supine position immediately before a fluid shift
induced by 6 degree head-down tilt. The control
simulation was 6 degree head-down tilt alone.
RESULTS
The starting volume of blood before simulated
head-down tilt was 5024 ml. After prolonged 6
degree head-down tilt (70+ simulated days), the
equilibrium blood volume was 4490 ml. The dif-
ference, 534 ml, or about 11% of the starting
blood volume, was the preadaptation volume to
remove before head-down tilt to test the counter-
measure.
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Fig. I. Subsystems of the Guyton Model of
Circulatory, Fluid, and Electrolyte
Regulation.
The protective effects of preadapting the circ-
ulation to fluid shifts in maintaining blood
volume, extracellular fluid volume, and total
body water are shown in Figs. 2, 3, and 4,
respectively. Of particular interest in Fig. 2
is that after ten hours of simulated head down
tilt, the blood volume can be slightly better
maintained for 20 to 30 days by a prior bleeding.
The effects on urine flow are shown in Fi 9. 5.
Data are plotted on a logarithmic time scale so
that all phases of the experiment out to 70 days
may be clearly distinguished.
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Fig. 2. BLOOD VOLUME. BV REDUCTION = acute
reduction of blood volume by 534 ml
in ]8 minutes. HDT : head down tilt.
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DISCUSSION
The hypothesis that blood volume reduction before
a headward fluid shift would counteract some of
the major effects of that fluid shift was
supported by the results of this computer
simulation• These results are in agreement with
two earlier water immersion studies (Simanonok
and Bernauer, 1985; Simanonok, in review).
Except for a short period of time after blood
volume reduction during the first few hours of
head down tilt, this simulation suggests that
body fluid volumes would be better maintained for
twenty to thirty days by preadapting the blood
volume to headward fluid shifts. During the
first few hours, loss of fluid by elevated urine
flow (Fig. 5) in head-down tilt without the
countermeasure rapidly met and surpassed the
initial fluid loss due to a prior blood volume
reduction.
In addition to attenuation of the volume losses,
Figs. 2, 3, and 4 illustrate that the rates of
change of the body fluid volumes during head down
tilt are also decreased by prior blood volume
reduction. Decreases in both the rates of change
and the absolute magnitudes of the changes in
body fluid volumes suggest that the physiologic
stresses upon the simulated body were decreased.
Homeostasis is the term applied to the physio-
logic tendency to maintain a constancy of the
body's internal environment. Fluid shifts
disturb the internal environment, invoking homeo-
static responses that act to return the
parameters of the internal environment to their
normal operating range. Preadaptation of the
blood volume may therefore reduce the magnitude
of the homeostatic stresses accompanying
adaptation to weightlessness.
The most unambiguous potential benefit of the
countermeasure is that postflight orthostatic
tolerance might be improved by the enhanced fluid
retention for missions up to twenty or thirty
days in length. There may also be other bene-
fits. Head congestion, facial edema, and
headaches in astronauts might be lessened. More
important, if it is true that fluid shifts in
some manner contribute to space sickness etiology
(Barrett and Lokhandwala, 1981; Leach, ]987;
Kohl, 1985, 1987}, then it is possible that pre-
adaptation of the circulation may be beneficial
in ameliorating space sickness by reducing the
hysiologic impact of fluid shifts. Unfortunate-
y, the mechanisms causing space sickness are
only speculative and there are no nausea or
motion sickness variables in the Guyton Model.
It is important to consider other ramifications
of blood volume reduction that may be relevant to
astronauts. We are not proposing that the
optimum method to preadapt the circulation to
weightlessness is by acute hemorrhage immediately
preflight, in a procedure resembling a blood
donation. This is because blood volume is usual-
ly restored within a day or two after an acute
hemorrhage, although the restoration of plasma
proteins and cells takes longer. Launch delays
could easily ruin the effectiveness of that
approach. A preflight regimen of diuretics,
water immersion, or head-down tilt might effect-
ively reduce the blood volume; at least one
astronaut has slept in head-down tilt for about
ten days before each of his three Shuttle
missions to reduce his blood volume and
ameliorate the effects of fluid shifts. He
reports that he suffered noneof the head
congestion, facial edema, or headachesthat
astronautscommonlyexperiencein weightlessness,
andheneverbecamespacesick (Musgrave,personal
communication).
Preflight orthostatictolerancewouldif anythingbe decreasedby blood volume reduction, so
astronautswhowere borderline in their ortho-
static toleranceshouldprobablynotbepreadapted
unlesstheir orthostatictolerancecould first be
improved. Exercisecapacity could be reduced
somewhatby preflight blood volumereduction,
and could conceivably affect an astronaut's
performance in the event of a preflight emergency
egress. These concerns must be thoroughly
addressed before _reflight blood volume reduction
can be seriously considered for astronauts.
Further computer simulations may be useful in
answering some of these questions.
The utility of computer simulation in planning and
designing experimental studies is amply
demonstrated by this and previous simulation
studies. Simulation is a highly cost-effective
method for initial hypothesis testing and experi-
mental design optimization, especially when inves-
tigating the physiology of human adaptation to
weightlessness.
This computer simulation extends earlier work
which suggests that preflight blood volume
reduction on the order of magnitude of an ordinary
blood donation could be beneficial to astronauts
by damping their physiologic responses to fluid
shifts and reducing body fluid losses. These
results suggest that this countermeasure to fluid
shifts could possibly improve postflight
orthostatic tolerance for missions of 20 to 30
days in duration, and could ameliorate some of the
head congestion, facial edema, and headaches that
afflict many astronauts. To the extent that fluid
shifts contribute to the problem, an effective
countermeasure to fluid shifts could also be
beneficial against space sickness.
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